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Abstract In the present study, for the first time Ag-core/
Ag2SO4-shell nanoparticles were prepared through a mi-
crowave-assisted route. Sodium dodecyl sulfate played role
as surfactant and sulfur precursor to produce Ag@Ag2SO4
nanoparticles. The Ag2SO4 shell are uniformly coated on the
whole surface of Ag nanoparticles. The obtained Ag@Ag2-
SO4 nanoparticles exhibited higher photocatalytic efficiency
than Ag nanoparticles and the effect of Ag2SO4-shell was
significant on the photocatalytic efficiency. Furthermore, the
efficiency of Ag@Ag2SO4 nanoparticles as a co-photo-
catalyst for the decolorization of methylene blue using
visible light irradiation has been evaluated. Moreover, a
possible reaction mechanism of the formation of Ag@Ag2
SO4 nanoparticles has been discussed. The as-prepared
Ag@Ag2SO4 nanoparticles were extensively characterized
by techniques such as XRD, SEM, TEM, DRS, and FT-IR.
1 Introduction
In the recent years, photocatalysis is going to be a
promising candidate for environment and energy concern
like photodegradation of organic pollutants, wastewater
detoxification, dye-sensitized solar cell and etc. [1–6].
Till now, various materials have been used as semicon-
ductor photocatalysts and among of them, TiO2 is an
appropriate and efficient choice to use owing to its well-
known incomparable qualities [7–11]. Nevertheless, this
semiconductor has a few major drawbacks on its pho-
toexcitation domain includes: (1) wide band gap energy
3.2 eV, (2) possess low absorption capability especially
in the visible light region and (3) exhibit high recom-
bination of photogenerated electron–hole thus hindering
its visible light-driven photocatalytic performance [1,
12–19]. Thus, remarkable efforts have been devoted to
overcome all these limitations by doping/composite with
metal, non-metal (NPs), noble metal inclusion or depo-
sition to gain plasmonic property [20–28] and etc.
Among of them, doping with metal such as Ag/TiO2,
Au/TiO2 and etc. is the best approaches for improving
photocatalytic performance of TiO2 [9]. Recently it was
found that core–shell structures based MSO4 (M = a
metal) shell show significant optical properties and
higher photocatalytic efficiency compared to single core.
For example Fang and et al. [29] found that PbS coated
with PbSO4 leaded to remarkable optical properties.
Herein, we have reported microwave-assisted synthesis
of Ag@Ag2SO4 with SDS as a sulfur source and sur-
factant and our results showed that Ag@Ag2SO4 not
only improve the optical properties of single-Ag but also
promote the photocatalytic efficiency. To our knowledge,
it is the first report for synthesis and characterization of
Ag@Ag2SO4. Moreover, Ag@Ag2SO4 nanoparticles
were utilized as co-photocatalyst for the photocatalytic
degradation of methylene blue (MB). The prepared
products were characterized extensively by means of
XRD, TEM, SEM. FT-IR, and DRS.
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2 Experimental
2.1 Materials and characterization
All the chemical reagents were of analytical grade and
were used as received without any further purification. The
crystal structural and compositional properties of products
were recorded by X-ray diffraction (Philips-X’PertPro) and
FT-IR (Magna-IR, spectrometer 550 Nicolet with
0.125 cm-1 resolution in KBr pellets in the range of
400–4000 cm-1). The XL30, Philips microscope set was
used in order to investigate the energy dispersive spec-
trometry (EDS) analysis. The morphology of the obtained
products was investigated by scanning electron microscopy
(LEO-1455VP). The Philips EM208S transmission electron
microscope with an accelerating voltage of 200 kV was
applied in order for taking Transmission electron micro-
scope (TEM) images. UV–Vis diffuse reflectance spec-
troscopy analysis was carried out using Shimadzu UV-
2600 UV–Vis spectrophotometer with an integrating
sphere attachment and BaSO4 was used as reference.
2.2 Synthesis of Ag@Ag2SO4
First of all, 0.05 gr AgNO3 was dissolved in 5 mL of
distilled water and 0.05 gr SDS was added. Afterwards,
propylene glycol was added enough to bring the final
volume of solution up to 40 mL. The obtained solution was
microwave-heated at a power setting of 750 W for 1.5 min.
Then, 0.02 mL hydrazine hydrate (20 %) was added to
solution and was microwave-heated at a power setting of
750 W for 2.5 min. The microwave oven followed a
working cycle of 30 s on and 30 s off. The obtained pre-
cipitate was collected (sample 1) and was characterized. To
form Ag@Ag2SO4 (sample 2), the sample 1 was annealed
at 350 C for 1 h. The obtained product was washed with
distilled water and ethanol for several times (sample 2).
2.3 Preparation of Ag@Ag2SO4/TiO2
Ag@Ag2SO4/TiO2 have been prepared by adding calculated
amount (3.4 9 1021 atoms) of Ag@Ag2SO4 nanoparticles
onto TiO2 (25 mg) and stirring was done overnight followed
by drying at 100 C.
2.4 Photocatalysis experiments
In order to evaluate photocatalytic activity of the
Ag@Ag2SO4/TiO2, photocatalytic degradation of methy-
lene blue (MB) dye was under taken. A typical experiment
constitutes Ag@Ag2SO4/TiO2 (20 mg) were added into a
glass beaker containing of 150 mL of dye aqueous solution
(5 mg/L in ethanol as solvent), and then dispersed by
stirring for 30 min at 20–25 C in darkness to establish
adsorption–desorption equilibrium between the dye mole-
cules and Ag@Ag2SO4/TiO2 surface. Later, a series of UV
lamps (6 9 15 W, Philips) were switched on a 20 cm
distance over the suspension surface. Finally, the ab-
sorbance spectra of the methylene blue solution were
recorded by a UV–Vis spectrophotometer (Shimadzu UV–
Vis spectrometer) and the decolorization rate was calcu-
lated according to the absorbance change.
3 Results and discussion
Figure 1a, b show typical XRD patterns of synthesized Ag
nanoparticles (sample 1) and Ag@Ag2SO4 nanostructures
(sample 2). All the XRD diffraction peaks are indexed to
cubic phase of Ag (JCPDS No. 87-0579, space group: Fm-
3 m, with cell constant a = 4.0862 A˚) and orthorhombic
phase of Ag2SO4 (JCPDS No. 27-1403, space group: Fddd,
with cell constant a = 10.2690, b = 12.7060 and
c = 5.8181 A˚). No crystalline impurity phases were ob-
served in the products before and after annealing process
(sample 1 and 2), indicating relatively high purity of Ag
and Ag@Ag2SO4 nanostructures. The crystallite sizes of
the samples 1 and 2 estimated by the Scherrer formula
shown in Eq. 1 [30–33] are 21 and 34 nm, respectively.
D hklð Þ ¼ kk=b cos h ð1Þ
where D is the crystallite size, as calculated for the (hkl)
reflection, k is the wavelength of Cu Ka radiation
(0.154178 nm), k is a constant related to the crystal shape
(0.9), and b is the value of full width at half-maximum
intensity (FWHM). Figure 2a, b show a typical EDX
spectrum of unannealed (sample 1) and annealed (sample
2) products, respectively. Figure 2a shows that the pure
silver nanoparticles have been synthesized. Moreover, the
presence of Ag, S and O in Fig. 2b indicates that
Ag@Ag2SO4 nanostructures have been obtained without
any impurity. Figure 3a–c show SEM and TEM images of
Ag and Ag@Ag2SO4 nanoparticles. According to Fig. 3a
the morphology of the Ag nanoparticles obtained before
annealing (sample 1), are sphere-like. Figure 3b shows the
morphology of Ag@Ag2SO4 nanoparticles obtained after
annealing (sample 2) that are sphere-like and the particles
size are bigger than the obtained Ag nanoparticles
(Fig. 3a). Figure 3c is TEM image of Ag@Ag2SO4
nanoparticles that shows the Ag@Ag2SO4 nanoparticles
have been made of spherical core–shell nanoparticles with
average particles size of 40–50 nm. Based on the Fig. 3c,
the middle part of particles is darker which indicates the Ag
core and the brighter part around these regions is a sign of
6340 J Mater Sci: Mater Electron (2015) 26:6339–6343
123
Ag2SO4 shell thickness. The FT-IR spectra of samples 1
and 2 are shown in Fig. 4a, b, respectively. According to
Fig. 4a, the weak peak as 3441 cm-1 is attributable to the
v(OH) stretching which indicates the presence of ph-
ysisorbed water molecules linked to Ag nanoparticles [34].
The two peaks at 2909 and 2841 cm-1 are related to the
asymmetric and symmetric stretch vibrations of CH2 group
ascribe to the SDS [34]. Two peaks at 1619 and 972 cm-1
are attributed to the C–H groups [34]. Furthermore, the
absorptions bonds at 1251 and 728 cm-1 are attributed to
the S = O and CO–S bond, respectively [35]. So, Fig. 4a
shows that there is SDS as a surfactant on the Ag
nanoparticle surface. From FT-IR spectrum in Fig. 4b, The
absorption bond at 1223 cm-1 can be allocated to the ab-
sorption band of S = O [35]. Moreover, the absorption
peak at 536 cm-1 are attributed to Ag–O–SO3 band. Fig-
ure 5a, b show absorption spectra of unannealed (Ag) and
annealed (Ag@Ag2SO4) products. As can be seen, the
absorption of annealed product is higher than unannealed
product. It proves that the shell increases the absorption
intensity. To evaluate the photocatalytic decomposition of
MB, Ag/TiO2, Ag@Ag2SO4/TiO2 and TiO2 were used as
photocatalyst. Moreover, the photocatalytic decomposition
was performed under UV-light illumination, and the
degradation rate for the decomposition of MB was
Fig. 1 XRD pattern of a Ag
(sample 1) and b Ag@Ag2SO4
(sample 2) nanoparticle
Fig. 2 EDX analysis of the as-synthesized product a Ag (sample 1)
and b Ag@Ag2SO4 nanoparticles (sample 2)
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estimated by observing the changes in absorbance (ab-
sorption intensity vs. irradiation time) obtained by UV–Vis
spectra. Figure 6 exhibits the plot of the remaining dye
concentration (A/A0) versus time intervals for the photo-
catalytic reaction of Ag/TiO2, Ag@Ag2SO4/TiO2 and TiO2
nanoparticles. According to Fig. 4e, in absence of TiO2, as-
synthesized Ag and Ag@Ag2SO4 nanoparticles, almost
negligible radiation of MB is observable (blue line). On the
other hand, when utilizing the TiO2, Ag/TiO2, Ag@Ag2
SO4/TiO2 as the photocatalyst, it is estimated that 78, 89
and 99 % of MB is degraded under UV-light illumination
after 90 min, respectively. As a result, shell causes an
Fig. 3 SEM images of a Ag (sample 1) and b Ag@Ag2SO4 (sample
2), c TEM image of Ag@Ag2SO4 (sample 2)
Fig. 4 FT-IR spectra of a Ag (sample 1) and b Ag@Ag2SO4 (sample
2)
Fig. 5 Absorption spectra of a Ag and b Ag@Ag2SO4
Fig. 6 Photodecolorization of methylene blue by blank, TiO2, Ag
and Ag@Ag2SO4 nanoparticles
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increase in Ag nanoparticle photocatalyst efficiency of Ag.
The reaction processes for synthesis Ag-core/Ag2SO4-shell
nanoparticles can be described as follow:
N2H4 ! N2 þ 4Hþ þ 4e ð2Þ
Agþ þ e ! Ag ð3Þ
Extra Agþ þ CH3 CH2ð Þ10OSO3






Herein, for the first time, Ag-core/Ag2SO4-shell nanoparticles
have been successfully synthesized via microwave-assisted
route. Optical property investigation shows that the Ag2SO4-
sheathed Ag nanoparticles have an intense luminescence in
cyan region. According to the aforementioned results, the thin
Ag2SO4 shell causes the prevention of further oxidation ofAg
core effectively. It was found that Ag@Ag2SO4 nanoparticles
have higher photocatalytic efficiency and MB degradation
efficiency than Ag nanoparticles.
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